Abstract Mesenchymal stem cells (MSCs) can be isolated from several tissues of adults. In addition, MSCs have the potential of differentiation into several cell types. Therefore, MSCs are very useful in stem cell therapy and regenerative medicine. MSCs have also been used as gene or protein carriers. As a result, maintaining MSCs in a desirable metabolic state has been the subject of several studies. Here, we used a genome scale metabolic network model of bone marrow derived MSCs for exploring the metabolism of these cells. We analyzed metabolic fluxes of the model in order to find ways of increasing stem cell proliferation and differentiation. Consequently, the experimental results were in consistency with computational results. Therefore, analyzing metabolic models was proven to be a promising field in biomedical researches of stem cells.
Introduction
Metabolic network models have long been used for investigating metabolism of cells (Fell and Small 1986; Varma and Palsson 1993) . Historically, the first metabolic models were simply collections of known reactions. Such models typically included central carbon metabolism (Poolman et al. 2004; Varma and Palsson 1993; Wiback and Palsson 2002) . With the advent of next-generation sequencing and widely available genomic and gene annotation data, genome-scale metabolic networks (GEMs) have been reconstructed (King et al. 2015; Saha et al. 2014; Simeonidis and Price 2015) . Such metabolic networks represent in silico models of metabolism. A standard GEM includes organism-specific reactions together with accurate gene-protein-reaction (GPR) relations.
The original models of metabolism, which were developed in the 60's and 70's, were generally exact ordinary differential equation models (Goldbeter and Lefever 1972; Higgins 1964 ). However, due to the large number of reactions in a GEM, determination of kinetic parameters for all reactions is practically impossible. Consequently, calculating the exact value of all metabolic fluxes in a cell is unfeasible.
For a GEM, an infinite number of possible flux distributions can be imagined. Constraint-based modeling (CBM) applies a limited number of constrains to the fluxes of a GEM, to narrow down the possible space of its fluxes.
Today, human cell-or tissue-specific GEMs are used to elucidate the metabolic state of that for certain cell/tissue. Such models have various biomedical applications (Fouladiha and Marashi 2017) , from identifying biomarkers of diseases (Shlomi et al. 2009 ) to predicting drug targets (Chang et al. 2010; Hadi and Marashi 2014; Jerby and Ruppin 2012) .
We have recently reconstructed a metabolic network model, iMSC1255, for bone marrow derived mesenchymal stem cells (MSCs) (Fouladiha et al. 2015) . MSCs are very useful in stem cell therapy and regenerative medicine. Most of the adult tissues contain MSCs, but in a relatively low number. The time that is needed for isolation and in vitro propagation of MSCs is relatively long, usually following senescence of these cells. In the present work, we apply iMSC1255 to help us to find new ways of solving such biological problems, like low proliferation rate of MSCs. Increasing proliferation rate of MSCs can facilitate in vitro experiments of regenerative medicine and pave the way toward organ cloning. We show that this model can be used for introducing cell culture supplements which can improve cell growth rate and also, for suggesting gene up-or down-regulations for increasing stem cell differentiation. In addition, we used iMSC1255 for the analysis of internal metabolic fluxes under different oxygenation conditions. In other words, iMSC1255 was used to predict the impact of lowering concentration of oxygen on the fluxes of reactions.
Materials and methods

Materials
Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS), penicillin and streptomycin were purchased from GIBCO-BRL (Grand Island, NY, USA). Phosphatidylserine (PS) and phosphatidylethanolamine (PE) were acquired from Sigma-Aldrich (St. Louis, MO, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazoliumbromide (MTT) and dimethyl sulfoxide (DMSO) were purchased from Merck (Darmstadt, Germany) and phosphate buffer saline (PBS) was obtained from GIBCO.
Modeling the metabolic fluxes
In constraint-based modeling of metabolic networks, one applies constraints on metabolic fluxes: under stoichiometric constraints (Eq. 1, where S is the stoichiometric matrix and v is a vector of fluxes), thermodynamic constraints (Eq. 2) and capacity constraints (Eq. 3), it is possible to find a limited metabolic flux space for the network (Gutierrez and Lewis 2015; O'Brien et al. 2015) . By applying additional assumptions (e.g., by assuming that the cell produces the highest possible amount of biomass), one can find a certain flux distribution for the GEM. This computational procedure is called flux balance analysis (FBA) (Orth et al. 2010) . Briefly, in FBA one solves the following linear problem:
where v j is the jth element of vector v, while a j and b j are the lower bound and upper bound of the flux through reaction j.
Increasing stem cell proliferation
In a GEM, cell growth is modeled with the help of a hypothetical reaction called biomass production. This reaction consumes constituents of biomass, like lipids and amino acids, with appropriate ratios, and produces one unit of an imaginary metabolite (called biomass). Therefore, finding a strategy for increasing the flux of biomass production reaction in silico may lead to an increase in the experimental cell proliferation rate.
Increasing cell proliferation: in silico analysis
In order to simulate in vitro cell culture medium, an in silico growth medium is defined. In such definition, only the components of growth medium are allowed to be consumed, i.e., only the exchange fluxes of these components are allowed to take negative values.
In this part of our work, we searched for all those metabolites which can be added to cell culture medium to increase cell growth rate. According to the definition of in silico growth medium, by addition of a metabolite to the growth medium, we have to allow the exchange flux of that metabolite to take a negative value, which means metabolite uptake, in metabolic modeling. If uptake of certain metabolites results in an improved growth rate, we predict that supplementation of cell culture medium with the corresponding metabolite can increase experimental cell growth rate. Therefore, we perform two FBA for each metabolite, one with zero and the other with negative lower bound of exchange flux of that metabolite. In order to calculate the relative contribution of each metabolite in increasing biomass production flux, the optimum biomass production flux in the second FBA was divided to the optimum flux in the first FBA. If these relative values were more than 1, that metabolite can be chosen to supplement cell culture medium in vitro. FBA was performed with biomass production flux as objective function, using optimizeCbModel function of the COBRA Toolbox (Becker et al. 2007 ).
Cell culture
Human bone marrow derived MSCs were isolated and characterized according to the previously described protocols (Yazdani et al. 2013 ). The growth medium contained DMEM which was supplemented with 10% FBS, together with penicillin G (100 U/mL) and streptomycin (100 lg/mL). MSCs were cultured under humidified air with 5% CO 2 at 37°C in 25 cm 2 culture flasks.
Cell proliferation analysis (MTT assay)
We used MTT assay to test the impact of medium supplementation on the proliferation of cells. PS and PE (the metabolites which were chosen for medium supplementation according to computational results) were used to pre-treat the 96-well cell culture plates. These metabolites were dissolved in chloroform/ methanol (95/5). We chose four concentrations of PE and PS for cell culture supplementation (20, 40, 60 and 80 lM) . One lL of the solutions was dropped in each well. After evaporation of the solvents, 2 9 10 5 bone marrow derived MSCs of second passage were seeded into each well. Then, 100 lL of cell culture medium was added to each well. The cells were cultured in the medium supplemented with PS or PE. After three and after 6 days of incubation, the cells were used for MTT assay.
MTT assay: At the end of days 3 and 6, the culture medium was removed and 100 lL of MTT solution (0.5 mg/mL of MTT in PBS) was added to each well. After 4 h of incubation, the MTT solution was removed. Then, 100 lL of DMSO was added to each well, followed by incubation for 15 min. Finally, absorbance at 570 nm was read by ELISA microplate reader (Awareness Technology Incorporation). Increase in the absorbance of a well indicates an increase in the number of living cells. The experiments were repeated in 5 biological replicates.
Increasing stem cell differentiation: Metabolic Transition Algorithm (MTA)
Increasing the efficiency of stem cell differentiation can have a positive effect in stem cell therapy. Differentiation can be explained as the transition of cell states, e.g., cell metabolism. Recently, an algorithm named MTA has been developed for finding ways to increase transition of cells using metabolic models (Yizhak et al. 2013) . In brief, MTA uses the amount of activity of reactions in the first state and a list of reaction which have to be up-or down-regulated in the second state. Then, MTA scores the impact of knock-down of each reaction at increasing cell transition.
Modeling the effect of different growth conditions on metabolic fluxes Extracellular conditions influence and alter the metabolism of cells. In order to keep the metabolism of cells in a desired state, culture condition of the cells has to be controlled. Therefore, the exact impact of cell culture changes on intracellular state has to be elucidated. For instance, the role of different oxygenation on stem cells proliferation and differentiation has been the subject of several studies (Grayson et al. 2006; Pattappa et al. 2011; Zhao et al. 2005) .
Using several gene expression profiles, Sart et al. (2014) have previously analyzed the changes in the fluxes of central carbon metabolism in different glucose and oxygen regimes. Here, we used iMSC1255 to model internal fluxes in low concentration of glucose, both in normoxia and hypoxia. In order to model each condition, the exchange fluxes of glucose and oxygen were set according to the fluxes reported in literature (Pattappa et al. 2013) . The maximum uptake flux of glucose was set to 0.005 mmol/grDW/h, with a minimum of 0 mmol/grDW/h. The boundaries of oxygen exchange fluxes in different culture conditions are shown in Table 1 .
Sampling the flux space for modeling internal fluxes Thiele et al. (2005) had previously shown that statistical analysis of a uniform random sample of fluxes can help in understanding the physiology of cells under different conditions, e.g., diabetes, ischemia or diet. By applying a similar strategy, for each of the four above-mentioned conditions, we generated 10,000 random flux distributions in the flux space. For this purpose, we used gpsampler function of COBRA Toolbox (Becker et al. 2007 ). Under each of the four conditions, the median of sampled fluxes was calculated for each reaction. The computed median value for each reaction was then used as a proxy for enzyme activity, in order to compare metabolic activities under different conditions. Then, we searched the literature in order to find the effects of different oxygenation on the flux of reactions at low glucose concentration, in order to validate the sampling results.
Results and discussion
Increasing stem cell proliferation
We found that consumption of some of the metabolites can increase the maximum of biomass production flux (see ''Increasing cell proliferation: in silico analysis'' and Supplementary Table A.1). Then, we chose two of the most effective metabolites, phosphatidylserine (PS) and phosphatidylethanolamine (PE), to be added to cell culture medium. PE comprises about 25% of phospholipid mass in an eukaryotic cell (Bürgermeis-ter et al. 2004) . PS can be converted to PE and phosphatidylcholine, which is a precursor for several lipid second messengers and also plays a role in the structure of cell membrane (Shields et al. 2003) . It is obvious that extracellular uptake of PE or PS is more efficient than their de novo synthesis. Therefore, it is expected that with extracellular availability of these metabolites, the cell stops de novo synthesis of these metabolites, until PE (or PS) is entirely consumed. This behavior of the cell is correctly predicted by the metabolic model, since PE and PS are among the biomass components of iMSC1255. In addition, such a behavior is reported for cultured cells (Nishijima et al. 1986 ).
The positive effects of medium supplementation with PE and PS can be seen in Fig. 1 . However, the positive trend can hardly be seen after 6 days of incubation. At this time interval, the positive effects of PE and PS on cell proliferation may have been stopped, because PE and PS have been consumed by the cells in previous days. This may approve the metabolic role of the metabolites in increasing cell proliferation, rather than a signaling influence. Overall, we can conclude that the computational results have been approved by experimental results.
It should be noted that, in the present study, we have modeled the contribution of individual metabolites to biomass production using independent FBA simulations. One may also model the metabolic consequence of simultaneous addition of a number of metabolites to the medium. However, in order to find the minimal set of metabolites that can increase growth rate, a more complicated approach, e.g., mixed integer linear programming, may be utilized. 
Increasing stem cell differentiation
Here, we modeled the ways of increasing MSCs transition to chondrocytes, using MTA, iMSC1255 and transcriptome data of chondrocytes. Top score reactions which are the most appropriate candidates for knock-down are represented in Table 2 . Most of these reactions (7 out of 10) are mitochondrial transport reactions, which might play related roles. According to the literature, mitochondrial metabolism is altered during cell differentiation (reviewed by Wanet et al. (2015) ). Additionally, it has been shown that the transport of C4 metabolites, like malate and fumarate, is normally repressed during differentiation (Vozza et al. 2014) .
Note that some of these reactions are involved in the transport of similar metabolites in mitochondria. Therefore, in order to investigate if knock-down of any pair of these reactions have the same effect on the flux distribution, we used flux coupling analysis (Burgard et al. 2004) . Interestingly, only two of these reactions, i.e., malate:sulfate and malate:sulfite antiport are found to be coupled. Hence, except for this pair of reactions, one can conclude that changes in the fluxes of these uncoupled transport reactions have distinct (although possibly imbricated) consequences during cell differentiation. Therefore, it can be suggested for future works to knock-down top score reactions in vitro in order to see the increase in stem cell differentiation to chondrocytes. We noted that the literature about stem cell differentiation is mainly focused on the reactions of central carbon metabolism, trying to establish a correlation between metabolic changes and stem cell differentiation. Therefore, we have also listed the MTA scores of central carbon metabolism reactions in Supplementary Table A.2. Relatively low scores in this list may suggest that alterations of certain reactions like mitochondrial transport reactions may have a more important role for differentiation, compared to the reactions of central carbon metabolism.
Modeling the effect of different growth conditions on metabolic fluxes
As we mentioned, GEMs can be useful for flux analysis. Here, we estimated all fluxes under two different oxygenation conditions in low glucose Fig. 2 In our study, the effects of different oxygenation in low glucose condition on the fluxes of all reactions have been modeled using sampling data of iMSC1255. Here, we see the results for the reactions of central carbon metabolism. We have found experimental data for the changes of 5 reactions in hypoxia and normoxia (Sart et al. 2014) . These five reactions are highlighted in the figure. According to the literature, the flux of glucose uptake and lactate dehydrogenase are increased, the flux of pyruvate transport to mitochondrion and superoxide dismutase are decreased and the flux of isomerase remains unchanged in hypoxia, compared to normoxia. The computational prediction for flux changes was the same as for experimental measurements for 4 out of 5 reactions, marked with tick mark in the figure. The only false prediction occurred for dismutase, which is marked with cross mark in the figure concentration, using sampling data of iMSC1255. Then, we tried to validate the prediction of flux changes in two conditions using literature data. We could find experimental measurements for five of the reactions. Note that in vitro measuring of fluxes, which is called Metabolic Flux Analysis (MFA), needs mass spectrometry approaches and isotope labeling techniques (Antoniewicz 2015) . However, only a limited number of fluxes can be measured and available modeling approaches impose limitations on the size of the network that can be studied. According to these problems, very few studies have been performed MFA on stem cells (Sá et al. 2017) . Therefore, on most of the studies, the internal fluxes and their changes in a pathway are just inferred from measurements of exchange fluxes. Here, our computational results were approved by experimental evidence for four out of the five reactions, (see Fig. 2 ). In other words, we could successfully predict an estimation for up-and downregulation of fluxes with a good level of accuracy.
Conclusion and future work
The concentrations of different components in cell culture medium used to be designed empirically (Castro et al. 1992) . In the present study, we used a metabolic modeling approach to find novel cell culture medium supplementations to improve stem cell growth. However, it is routine to change the concentrations of amino acids in order to design cell culture medium rationally (Altamirano et al. 2004; Read et al. 2013) . Therefore, we decided to propose a list of optimum concentrations of amino acids in MSCs culture medium using metabolic modeling. Yang et al. (2009) Table A .3, for more information). This proposed list of optimum concentrations of amino acids should be tested in vitro as future work.
In conclusion, the present study explored some the applications of the metabolic network model of bone marrow derived MSCs, iMSC1255, and indicated that computational predictions made by metabolic modeling were in accordance with experimental findings. The metabolic models can also be integrated with regulatory or signaling networks, in order to propose a whole cell model of a stem cell (Karr et al. 2012 ). These models can be used in finding better approaches to optimize the induction of stem cell differentiation, which has been mostly studied from a signaling point of view.
